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[57] ABSTRACT 

A test system for a digital integrated circuit in which internal 
states of the integrated circuit are captured non-destructively 
while the digital circuit is operating at normal clock speed. 
Cells for capturing states are sequentially connected into 
shift registers. Once internal states are latched within cells, 
the captured states are serially shifted out a test port while 
the integrated circuit continues to operate. State sampling is 
triggered internally via a software command or externally 
via an external signal synchronized to an internal clock. 

4 Claims, 7 Drawing Sheets 
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NON-DESTRUCTIVE SAMPLING OF 
INTERNAL STATES WHILE OPERATING AT 

NORMAL FREQUENCY 

CROSS REFERENCE TO RELATED 
APPLICATION 

This is a continuation of application Ser. No. 08/137,442 
?led on Oct. 15, 1993, now abandoned. 

FIELD OF INVENTION 

This invention relates generally to electronic testing of 
digital integrated circuits and to design-for-testing of digital 
integrated circuits. 

BACKGROUND OF THE INVENTION 

A signi?cant cost in electronics manufacturing is testing. 
Individual components must be tested and assembled sys 
tems must be tested. It is common to include additional 
circuitry to facilitate testing. Circuitry for testing is typically 
used in a special test mode, often under static conditions. 
That is, the test circuitry is used to sequence an integrated 
circuit through states speci?cally for testing and the results 
are monitored with the system clock slowed or paused. It is 
also common to include circuitry to capture the state of 
input/output signals (called boundary scan testing). A com 
monly used standard for such circuitry is IEEE Std. 1149.1 
1990, IEEE Standard Test Access Port and Boundary-Scan 
Architecture, available from The Institute of Electrical and 
Electronic Engineers, Inc., 345 East 47th Street, New York, 
N.Y. 10017-2394. IEEE Std. 1149.1 de?nes a standard serial 
interface through which test instructions and test data are 
communicated. The technique involves the inclusion of a 
shift-register stage adjacent to each component pin of inter 
est so that signals at component boundaries can be con 
trolled and observed. The special shift-registers and test 
instructions can be used in isolated component testing and in 
testing individual components assembled into larger sys 
tems. 

The IEEE 1149.1 standard de?nes a Test Access Port 
(TAP). The standard also includes speci?cation of a test 
clock (TCK). Typically, testing compatible with the IEEE 
1149.1 standard requires synchronization of the test clock 
TCK and internal component clocks. Generally, only bound 
ary signals are captured. Internal component states are 
generally not captured unless the component is in a special 
test mode in which internal states are propagated to the 
boundary just for testing. There is a need for testing that 
captures internal logic states at the operating frequency of 
the device. There is a need for capturing internal logic states 
at the operating frequency of the device and reading those 
captured internal states using industry standard boundary 
scan testing ports. There is a need for a test system that 
non-destructively captures internal logic states while the 
device is operating at normal frequency and that permits 
reading of the captured states while the device continues to 
operate. 

SUMMARY OF THE INVENTION 

The present invention incorporates scan registers within 
internal circuitry. The scan registers capture the internal state 
of integrated circuits in addition to boundary scan data. The 
sampling of internal states is non-destructive. Careful design 
of test circuitry clocking enables internal logic states to be 
captured while the integrated circuits are operating at normal 
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2 
operating frequency. The system clock and the scan test 
clock are independent, enabling access to the internal states 
through a standard Test Access Port while the integrated 
circuit continues to operate. Private test instructions intro 
duced through the standard Test Access Port enable internal 
state capture to be triggered internally by processor instruc 
tions within system software or externally by an external 
signal synchronized to internal clocks. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a block diagram of a logic circuit with a 
boundary scan Test Access Port. 

FIG. 1B is a schematic of a representative shift register 
cell used in the boundary scan apparatus of FIG. 1A. 

FIG. 2 is a block diagram of an integrated circuit with 
shift register cells used for capturing internal states in 
addition to boundary states. 

FIG. 3 is a schematic of a clock generation circuit for 
generating two non-overlapping clock signals. 

FIG. 4A is a schematic of a representative shift register 
cell used in the shift registers of FIG. 2. 

FIG. 4B is a schematic of control signals used in con 
junction with alternative embodiments of the register cell 
illustrated in FIG. 4A. 

FIG. 5 is a timing diagram of signals referenced in FIGS. 
2, 3, 4A, and 4B. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT OF THE 

INVENTION 

FIG. 1A illustrates an integrated circuit with internal 
system logic 100 connected to input/output (I/O) pins 102. 
A boundary scan shift register 104 is comprised of a series 
of boundary scan cells 106. Each boundary scan cell 106 can 
capture the state of an output from logic 100 or an input to 
logic 100 and shift the captured state serially out a Test 
Access Port (TAP) 108. Alternatively, input test data 110 can 
be shifted into the boundary scan shift register 104 and used 
to drive the I/O pins 102 (if I/O pins 102 are outputs) or to 
drive the system logic 100 (if I/O pins 102 inputs) with 
special test vectors. A mode input 112 determines whether 
the boundary scan shift register 104 is being used to capture 
signals, drive signals, or shift data in or out. A Test Clock 
Signal (TCK) 114 provides a shift clock and other timing. 

FIG. 1B illustrates a sample boundary scan cell 106. The 
cell 106 illustrated in FIG. 1B can be used for input pins, in 
which the input signal 116 is connected to an I/O pin 102, 
or for output pins, in which the output signal 118 is con 
nected to an I/O pin 102. Multiplexer circuit 122 determines 
whether input data 116 or previous scan cell data 120 is 
latched by latch 124. Latch 126 latches data for driving the 
output signal 118 with test data. Multiplexer circuit 128 
determines whether input data 116 or latched test data 126 
drives the output 118. 

FIG. 2 illustrates an integrated circuit 200 with multiple 
test—data shift registers 2024208. One shift register (202) is 
connected to I/O pins 102 and serves as a boundary scan 
shift register. The remaining shift registers 204-208 capture 
internal logic states. The serial output of any one shift 
register (202—208) may be selected by multiplexer circuit 
210 for shifting out through a single Test Access Port (TAP) 
108. Similarly, test data input (TDI) 110 can be switched by 
demultiplexer circuit 212 to any of the shift registers 
202-208. For simplicity, only four shift registers 202-208 
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are illustrated in FIG. 2. In a speci?c implementation for a 
very large scale integrated microprocessor circuit, for 
example, there are 19 separate shift registers capturing a 
total of approximately 5000 states including approximately 
300 I/O states. 

Also illustrated in FIG. 2 are four clock signals CKl 
(220), CK2 (222), CKlN (224) and CK2N (226). These 
clock signals are distributed throughout the logic circuitry 
within the integrated circuit 200 and to each cell within the 
test-data shift registers (204-208). CKl (220) is a symmetri 
cal master clock. CK2 (222) is CKl (220) inverted. Because 
of unavoidable jitter and skew, it is possible for CKl (224), 
and CK2 (222) to overlap. That is, there may be very small 
time intervals during which CKl (220) and CK2 (222) are 
both high. For some queues of transparent latch stages with 
alternating clocks, overlapping clocks can create undesirable 
race conditions. These race conditions can be eliminated by 
the use of non-overlapping clocks. FIG. 3 illustrates a circuit 
for deriving two non-overlapping clocks (CKlN 224 and 
CK2N 226) in which both clocks can never be high simul 
taneously. In FIG. 3, note that CKlN (224) cannot go high 
until CK2N (226) is low and CKZN (226) cannot go high 
until CKlN (224) is low. 

Refer again to FIG. 2. IEEE Std. 1149.1 includes provi 
sions for input of standard test instructions. Instructions are 
serially shifted in through the Test Data Input (FIG. 2, 110) 
and executed by test circuitry (FIG. 2, 214). IEEE Std. 
1149.1 also permits private instructions. In conjunction with 
the present invention, two private instructions are imple 
mented that enable two unique signals to be generated with 
critical timing: SAMPLEl (216) and SAMPLE2 (218). 
SAMPLEl (216) and SAMPLE2 (218) can be triggered 
either internally (INTERNAL TRIGGER 228) within the 
integrated circuit 200 or externally through the Test Data 
Input (TDI) 110. A private instruction called ISAMPLE is 
used in conjunction with internal triggering of the 
SAMPLEl (216) and SAMPLE2 (218) signals and a private 
instruction called ESAMPLE is used in conjunction with 
external triggering of the SAMPLEl (216) and SAMPLE2 
(218) signals. 

For internal triggering of the SAMPLEl signal (216), 
many internal signals synchronized to internal clocks can be 
used. For example, signals generated as a result of error 
conditions, processor interrupts, or signals generated as a 
result of software commands. In one example embodiment, 
an internal interrupt signal is used. In the example embodi 
ment, the integrated circuit 200 includes an interval timer 
(not illustrated) that generates an interrupt when the interval 
timer reaches a count that matches a preset value in a 
register. The interval timer increments by one for each 
system clock cycle. By setting the register preset value in 
software, an interrupt can be generated immediately or after 
a desired number of clock cycles. The resulting interrupt 
signal is routed to the INTERNAL TRIGGER signal 228 on 
the test control logic 214. If the test control logic contains an 
ISAMPLE instruction and if the test control logic is in a 
Run-Test/Idle State (see IEEE Std. 1149.1, chapter 5), then 
the test control logic generates a SAMPLEl signal (216) on 
the rising edge of CKl (220) (see FIG. 5). 

For external triggering, the ESAMPLE instruction is 
scanned into the Test Data Input (TDI) 110 and the Run 
Test/Idle state is entered. Once the RunTest/Idle state is 
entered, the next rising edge which occurs on the Test Data 
Input pin (T DI) (110) generates a SAMPLEl signal (216) as 
described above. The test clock TCK (FIG. 1A, 114) is 
completely independent from the four system clocks (220, 
222, 224, 226). Therefore, external triggering requires addi 
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4 
tional external circuitry such as a logic analyzer or special 
debugging circuitry to use the rising edge of CKl (220) to 
gate a signal at the Test Data Input (TDI) pin (110). 

FIG. 4A illustrates a scan cell 400 for use in capturing 
internal states by shift registers 204-208 in FIG. 2. There is 
an input signal 402, an output signal 404, a test scan input 
406 from a previous shift register cell and a test scan output 
408 to the next shift register cell. In contrast to the scan cell 
in FIG. 1B which captures the state of a single node, the scan 
cell 400 illustrated in FIG. 4 checks both the input and the 
output of a latch 410. Transistors 412 and 414 along with 
control signals IN (416) and OUT (418) serve as a multi 
plexer that selects whether the input state 402 or the output 
state 404 is captured. In general, the scan cell 400 is used to 
capture an input and an output of more complex logic and 
latching stages instead of just a single latch 410 as illus 
trated. The single latch 410 is used to simplify the discus 
sion. All latches illustrated in FIG. 4A are transparent. That 
is, the Q output tracks the D input if the D input changes. 
When the D input is open (input FET is o?), the latch retains 
its previous state. 

In FIG. 4A, latch 420 captures the state of the cell input 
402, the cell output 404 or incoming serial data 406. During 
serial shifting of data, latches 420 and 422 serve as ' a 
master-slave ?ip-?op permitting incoming serial data 406 to 
be latched by transparent latch 420 while serial output data 
408 is being shifted out from transparent latch 422. Latch 
424 is used to drive the latch 410 with test data. Latch 424 
and its associated input and output transistors are optional 
and are deleted where control is not possible or necessary. 

In integrated circuits having sequential stages of logic, for 
example in pipelining or multiplication circuitry, it is com 
mon to have multiple stages in which alternate stages are 
clocked by complementary clocks. For example, even num 
bered stages might be clocked by a ?rst clock signal and odd 
numbered stages might be clocked by a second clock signal 
which is a logical complement of the ?rst clock signal. Note 
that in FIG. 4A, transparent latch 410'is latched on the 
falling edge of CKlN (246). An adjacent circuit (not illus 
trated) in a complementary stage receiving the output signal 
404 as an input might latch on the falling edge of CKZN 
(226). For simplicity, much of the following discussion will 
refer to control signals and clock signals as used in FIG. 4A 
but note that complementary stages are also used. In par 
ticular, FIG. 4B illustrates the logical relationship of the 
UPDATEZ (428) control signal and the SAMPLE2 (218) 
control signal as used in complementary stages that latch on 
the falling edge of CK2N (226). The two UPDATE signals 
are generated locally within major blocks and distributed to 
multiple latches. 

In FIG. 4A, when the UPDATEI signal 426 is logically 
false and the SHIFT clock 450 is logically false, latches 420 
and 422 are idle, thereby conserving power. An internal state 
of the integrated circuit 200 is captured by latch 420 when 
UPDATEl (426) is logically true (triggered internally or 
externally). During static testing with the system clocks 
paused, the READ signal 454 is used to generate UPDATEI 
(426). For testing during normal operation of the integrated 
circuit 200 at the operating frequency, however, the timing 
of the rising and falling edges of the UPDATEl signal (426) 
is critical. FIG. 5 illustrates timing diagrams of the critical 
control signals and clocks. The timing illustrated in FIG. 5 
ensures that stable internal states are captured at precise 
times during normal operation of the integrated circuit 200. 

FIG. 5 is a timing diagram illustrating the four clock 
signals (220, 222, 224, 226), the two SAMPLE signals (216, 
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218) and the two UPDATE signals (426, 428). The two clock 
signals CKl (220) and CK2 (222) are routed by extremely 
low-capacitance lines and driven by large high-current driv 
ers. In contrast, the SAMPLEl signal (216) is routed 
throughout the chip over ordinary signal lines and is driven 
by smaller drivers. Therefore, as illustrated in FIG. 5, the 
SAMPLEl signal (216) has signi?cant rise time and delay 
relative to the rising edge of CKl (220). Referring now to 
both FIG. 4A and FIG. 5, latch 410 is transparent while 
CKlN (224) is high and latches on the falling edge of CKlN 
(224). After SAMPLEl (216) goes high, UPDATE] (426) 
goes high on the next rising edge of CK2 (222). Therefore, 
at the time UPDATEl (426) goes high, the output of latch 
410 is stable and SAMPLEI (216) has had su?icient time to 
rise to a stable high level. In addition, by gating SAMPLEl 
(216) with CKZ (222), the D-input of latch 420 is guaranteed 
to be open (UPDATEl (426) low) before the D-input of latch 
410 is driven again at the rising edge of CKlN (224). 
Therefore, latch 420 is guaranteed to latch a stable output 
from latch 410 while the integrated circuit is operating at 
normal operating frequency. Capturing the state of latch 410 
by latch 420 does not destroy the state of latch 410 (sam 
pling is non-destructive). Once SAMPLEI (216) goes low, 
the state captured in latch 420 (and the thousands of states 
captured simultaneously in other scan cells) can be sequen 
tially shifted out of the Test Access Port (FIG. 2, 108) for 
veri?cation. Once SAMPLEl (216) goes low, the SHIFT 
clock (FIG. 2, 450, 452) can be driven at any rate and 
completely independent of the system clocks (220, 222, 224, 
226). Therefore, the integrated circuit 200 can continue to 
operate while captured states are being shifted out. Finally, 
the internal state sampling at operating speed can be trig 
gered either internally or externally. 
The foregoing description of the present invention has 

been presented for purposes of illustration and description. 
It is not intended to be exhaustive or to limit the invention 
to the precise form disclosed, and other modi?cations and 
variations may be possible in light of the above teachings. 
The embodiment was chosen and described in order to best 
explain the principles of the invention and its practical 
application to thereby enable others skilled in the art to best 
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6 
utilize the invention in various embodiments and various 
modi?cations as are suited to the particular use contem 
plated. It is intended that the appended claims be construed 
to include other alternative embodiments of the invention 
except insofar as limited by the prior art. 
What is claimed is: 
1. A test circuit for a digital logic system, the digital logic 

system having a plurality of I/O pins and a plurality of logic 
nodes, each logic node having a logic state, the test circuit 
comprising: 

a test data output port; 
a boundary scan shift register interposed between the 

plurality of 110 pins and the test data output port; and 
an internal test-data shift register interposed between the 

plurality of logic nodes and the test data output port, the 
internal test-data shift register captures internal logic 
states while the digital logic system operates at a 
normal operating frequency. 

2. The test circuit as in claim 1, wherein the boundary scan 
shift register comprises a ?rst plurality of sample latches, 
each sample latch having a latch input coupled to one of the 
plurality of 110 pins, the ?rst plurality of sample latches 
serially connected to form the boundary scan register. 

3. The test circuit as in claim 2, wherein the internal 
test-data shift register comprises a second plurality of 
sample latches, each sample latch having a latch input 
coupled to one of the plurality of logic nodes, the second 
plurality of sample latches serially connected to form the 
internal test-data shift register. 

4. The test circuit as in claim 3, further comprising: 
an update signal connected to each of the second plurality 

of sample latches, wherein each sample latch latches 
the logic state at its input at an operating frequency 
when the update signal is asserted; and 

a shift clock connected to each of the second plurality of 
sample latches, wherein the internal test-data shift 
register serially shifts one of the latched logic states out 
the test data output port during each cycle of the shift 
clock. 


